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Abstract 30 

The effect of heterogeneous aqueous reactions on the secondary formation of inorganic 31 

aerosols during haze events was investigated by analysis of comprehensive 32 

measurements of aerosol composition and concentrations [e.g., particular matters 33 

(PM2.5), nitrate (NO3), sulfate (SO4), ammonium (NH4)], gas-phase precursors [e.g., 34 

nitrogen oxides (NOx), sulfur dioxide (SO2), and ozone (O3)], and relevant 35 

meteorological parameters [e.g., visibility and relative humidity (RH)]. The 36 

measurements were conducted in Beijing, China from Sep. 07, 2012 to Jan. 16, 2013. 37 

The results show that the conversion ratios of N from NOx to nitrate (      ) and S from 38 

SO2 to sulfate (      ) both significantly increased in haze events, suggesting enhanced 39 

conversions from NOx and SO2 to their corresponding particle phases in the late haze 40 

period. Further analysis shows that        and        increased with increasing RH, 41 

with        and        being only 0.04 and 0.03, respectively, when RH < 40%, and 42 

increasing up to 0.16 and 0.12 when RH reached 60-80%, respectively. The enhanced 43 

conversion ratios of N and S in the late haze period is likely due to heterogeneous 44 

aqueous reactions, because solar radiation and thus the photochemical capacity are 45 

reduced by the increases in aerosols and RH. This point was further affirmed by the 46 

relationships of        and        to O3: the conversion ratios increase with decreasing 47 

O3 concentration when O3 concentration is lower than <15 ppb but increased with 48 

increasing O3 when O3 concentration is higher than 15 ppb. The results suggest that 49 

heterogeneous aqueous reactions likely changed aerosols and their precursors during 50 

the haze events: in the beginning of haze events, the precursor gases accumulated 51 
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quickly due to high emission and low reaction rate; the occurrence of heterogeneous 52 

aqueous reactions in the late haze period, together with the accumulated high 53 

concentrations of precursor gases such as SO2 and NOx, accelerated the formation of 54 

secondary inorganic aerosols, and led to rapid increase of the PM2.5 concentration. 55 

 56 

  57 
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1. Introduction 58 

Beijing has been experiencing frequent occurrence of haze events in the past two 59 

decades (Che et al., 2007; Quan et al., 2011). This severe environment problem has dire 60 

impacts on human health, traffic, weather and climate, and other important aspects and 61 

receives growing concern in the scientific community (Charlson et al., 1987; 62 

Ramanathan and Vogelmann, 1997; Tegen et al., 2000; Yu et al., 2002; Tie et al., 2009 63 

a,b). In efforts to understand the mechanism of heavy haze formation and evolution in 64 

Beijing, many haze-related aspects have been investigated, including aerosol 65 

composition (Sun et al., 2013 a,b; 2014; Huang et al., 2014), particulate matter (PM) 66 

formation mechanisms (Guo et al., 2014), regional transport of pollutants (Zhao et al., 67 

2013), hygroscopic property of particles (Pan et al., 2009; Liu et al., 2011), effects of 68 

meteorology (Zhang et al., 2015), and even the feedback between aerosols and 69 

meteorological variables (Quan et al., 2013; Gao et al., 2015). Large emission of 70 

primary aerosols and the gaseous precursors of secondary aerosols, and stagnant 71 

meteorological conditions have been usually thought as the dominant factors driving 72 

the formation and evolution of haze pollution in North China Plain (NCP, Wang et al., 73 

2014; Guo et al., 2014; Zhang et al., 2015). 74 

It has been reported that PM2.5 (particulate matter of 2.5 μm or less in aerodynamic 75 

diameter) concentration could reach as high as 600 μg m
-3

 in heavy haze events (Quan 76 

et al., 2014; Sun et al., 2014; Wang et al., 2014), and could increase by an order of 77 

magnitude in a period of 2-4 days (Quan et al., 2014; Guo et al., 2014). Meteorological 78 

conditions often play an important role in haze formation. For example, the decreased 79 
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height of planetary boundary layer (PBL) in haze events suppresses particles into a 80 

shallower layer, and the weak wind slow down the horizontal transport. In addition to 81 

the meteorology factors, secondary particle formation can make a significant 82 

contribution to heavy haze events as well (Huang et al., 2014; Guo et al., 2014). Quan et 83 

al. (2014) revealed that the conversion from NOx and SO2 to nitrate (NO3) and sulfate 84 

(SO4) were likely accelerated in the late haze period. Because visibility and thus 85 

photochemical activity are low and relative humidity (RH) increases sharply in the 86 

heavy haze period, the accelerated conversion of NOx and SO2 might be caused by 87 

heterogeneous aqueous reactions. However, up to now the effect of heterogeneous 88 

aqueous reactions on secondary particle formation, especially in haze events, remains 89 

poorly understood and quantified.  90 

The primary objective of this work is to investigate the effect of heterogeneous aqueous 91 

reactions on the secondary formation of inorganic aerosols during haze events based on 92 

comprehensive measurements collected during a field campaign from Sep. 7, 2012 to 93 

Jan. 16, 2013. The rest of the paper is organized as follows. Section 2 describes the 94 

instruments and measurements used in this study. The results and analysis are given in 95 

Section 3. The analysis focuses on (1) the variation of key variables in haze events, 96 

including visibility, PM2.5, NOx, SO2, NO3, SO4, and the conversion ratios of N (      ) 97 

and S (      ); (2) the relationship of        and        with RH and O3; (3) the 98 

evolution of mean particle diameter (      ) of submicron aerosols; and (4) 99 

contribution of heterogeneous aqueous reactions. Section 4 provides the concluding 100 

remarks. 101 
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 102 

2. Instruments and measurements 103 

Comprehensive measurements were conducted in a field campaign at the Baolian (BL) 104 

meteorological station, China Meteorological Administration (CMA) (39°56′N, 105 

116°17′E). The BL station located between the west 3rd and 4th highways in Beijing. 106 

The distance of the station from nearby major roads is about 400 m. The surrounding 107 

region of this site is mainly residential district, without large point sources of PM2.5. A 108 

number of quantities, including atmospheric visibility, mass concentration of PM2.5, 109 

chemical composition of non-refractory submicron particles (NR-PM1), and gaseous 110 

pollutants (SO2, NOx, CO, O3) were measured simultaneously, together with key 111 

meteorological variables of temperature, RH, pressure, wind speed, and wind direction. 112 

Detailed description of above instruments was given by Quan et al. (2013; 2014). 113 

Briefly, the mass concentration of PM2.5 was measured with a R&P model 1400a 114 

Tapered Element Oscillating Microbalance (TEOM, Thermo Scientific Co., USA) 115 

instrument, with a 2.5  m cyclone inlet and an inlet humidity control system. The 116 

aerosol size distribution for particles of 13 to 736 nm was obtained with a Scanning 117 

Mobility Particle Sizer (SMPS, Model 3936, TSI, USA) with a time resolution of five 118 

minutes. The collocated gaseous species, including CO, SO2, NOx and O3, were 119 

measured with various gas analyzers (Thermo Scientific Co., USA). 120 

The chemical composition of NR-PM1 was measured with an Aerodyne 121 

high-resolution Time-of-Flight Aerosol Mass Spectrometer (HRToF-AMS). The 122 

sampling time resolution was 5 min. The measured composition of particles included 123 
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sulfate (SO4), nitrate (NO3), ammonium (NH4), chloride (Chl), organic aerosols (ORG). 124 

The instrument was calibrated for ionization efficiency (IE) and particle sizing at the 125 

beginning, middle and end of the campaign following the standard protocols (Jimenez 126 

et al., 2003). The detection limits (DLs) of each NR-PM1 species were determined as 3 127 

times the standard deviations (3σ) of the corresponding signals in particle-free ambient 128 

air through a HEPA filter. As a result, the 5 min DLs of organics, sulfate, nitrate, 129 

ammonium, and chloride were 0.058, 0.006, 0.008, 0.06 and 0.016 μg m
-3

, respectively. 130 

The AMS data were analyzed for the mass concentrations and composition with the 131 

standard ToF-AMS data analysis software package (SQUIRREL version 1.50 and 132 

PIKA version 1.09) (Jimenez et al., 2003; DeCarlo et al., 2006). A collection efficiency 133 

(CE) factor of 0.5 was introduced to account for the particle loss, mostly due to particle 134 

bounce at the vaporizer (Canagaratna et al., 2007; Aiken et al., 2009; Huang et al., 135 

2010). The values of relative ionization efficiency (RIE) used in this study were 1.2 for 136 

sulfate, 1.1 for nitrate, 1.3 for chloride and 1.4 for organics (Jimenez et al., 2003; 137 

Canagaratna et al., 2007). The RIE value of 4.0 was used for ammonium based on the 138 

analysis of pure NH4NO3 particles. Atmospheric visibility was measured with a 139 

PWD20 (Vaisala Co., Finland), and meteorology variables were observed by WXT-510 140 

(Vaisala Co., Finland).  141 

3. Results and discussion 142 

3.1. General characteristics of haze events 143 

The field campaign was carried out from Sep. 07, 2012 to Jan. 16, 2013, covering 144 

typical fall (Sep. 07 to Oct. 31) and winter (Nov. 01 to Jan. 16) conditions in Beijing. 145 
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According to the definition by CMA that a haze event satisfies when the conditions of 146 

visibility ≤ 10 km and RH < 90%, there were a total of 28 haze events, with an 147 

averaged length of 4.7 days per haze event, during the experiment period (from Sep. 07, 148 

2012 to Jan. 16, 2013). The visibility exhibits a clear periodic cycle of 4-7 days, being 149 

higher than 10 km (clean) in the beginning of each cycle, and reached around 2 km 150 

(polluted) within 2-4 days (Fig.1a). The measured PM2.5 mass concentration (Fig.1b) 151 

exhibited a similar cycle, increasing from < 50 μg m
-3

 in the beginning of haze events to 152 

several hundred micrograms per cubic meter at the late stage of haze events. The NOx 153 

(Fig.1e) and SO2 (Fig.1f), as the precursors of NO3 and SO4, showed a cycle similar to 154 

that of PM2.5 concentration, with the concentrations increasing from < 10 ppb in the 155 

beginning of haze events to 50-100 ppb at the late stage of haze events.  156 

Previous studies indicated that the decreased atmospheric dispersion capacity in haze 157 

events, characterized by lowered PBL heights and weakened wind speed (Quan et al., 158 

2013; 2014; Zhang et al., 2015), could enhance PM2.5 and gas pollutants concentrations. 159 

Besides that, the conversion of gas phases of N and S to particle phase as measured by 160 

the conversion ratios also increased in the haze events (Fig.1g). The conversion ratios 161 

are defined as the ratios of the particle phase of nitrogen and sulfur to the total nitrogen 162 

and sulfur (both gas and particle phases):  163 

                             (1) 164 

                             (2) 165 

where (      ) and (      ) denote the conversion ratios of N and S, respectively;    is 166 

the mass concentration of nitrogen in nitrate observed by HRToF-AMS;    is the mass 167 
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concentration of nitrogen in NOx,    is mass concentration of sulfur in sulfate 168 

observed by HRToF-AMS, and    is mass concentration of sulfur in SO2. Note that    169 

and    were measured with AMS, which only measures nitrate and sulfate in PM1 170 

rather than PM2.5. The values of        and        increased from < 0.05 in the 171 

beginning of haze events to 0.2 at the end of haze events. The accelerated formation of 172 

secondary particles also helps to drive up PM2.5 concentration in the haze events. 173 

To get more insight into the development of haze events, the variables were classified 174 

into 4 categories based on the ranges of visibility: (a) visibility > 10 km (V1) which 175 

presents the non-haze days following the definition of CMA; (b) 10 km ≥ visibility > 5 176 

km (V2) for light haze days; (c) 5 km ≥ visibility > 2 km (V3) for modest-heavy haze 177 

days; and (d) 2 km ≥ visibility (V4) for extreme haze days. In late haze period (V4), 178 

SO2 concentration increased from 32.9 (V3) to 40.6 ppb (V4), enhanced by 23%, and 179 

NOx concentration enhanced by 18% (Table1). While for SO4 and NO3, their 180 

concentration enhanced by 150% and 75%, which were much higher than that of NOx 181 

and SO2. For PM2.5, it concentration increased from 93.2 (V3) to 175.1μg m
-3

 (V4), 182 

enhanced by 88%. Above results indicate clearly that the conversions of gas phase of S 183 

and N to particle phase were accelerated in the late haze events. To further verify this 184 

point, the aerosol composition under different visibility conditions was studied. Fig.2 185 

shows the percentage of different aerosol species under the different visibility 186 

conditions. The mass concentrations of different aerosol species increased with the 187 

development of haze events from V1 to V4. In addition, the percentages of secondary 188 

aerosol particles (NO3, SO4, and NH4) also increased. For example, in the beginning of 189 



 10 / 27 
 

haze events (V1), the averaged aerosol concentration is low (8.8μg m
-3

). The 190 

percentage of ORG is the highest (57.3%), following by SO4 (15.7%), NO3 (14.6%), 191 

NH4 (9%), and Chl (3.4%). In the late period of haze events (V4), the averaged aerosol 192 

concentration reached to its highest value of 97.4 μg m
-3

; the percentage of ORG 193 

decreased to 36.5%; the percentages of SO4 increased to 24%; NO3 increased to 19.4%; 194 

and NH4 increased to 15.5%. Above analysis further confirms that the secondary 195 

formation of inorganic aerosols (e.g. nitrate and sulfate) was enhanced in the late period 196 

of haze events. 197 

 198 

3.2. Conversion from gas to particles phases 199 

To understand the role of heterogeneous aqueous reactions in the formation of 200 

secondary inorganic aerosols (e.g. NO3 and SO4), the relationships of        and        201 

with RH were analyzed. Fig.3 shows that        and        have no significant 202 

variation when RH < 40%. After RH > 40%, both        and        increased with 203 

further increase of RH. For example,        and        were only 0.03 and 0.03 when 204 

RH was lower than 40%, and increased to 0.20 and 0.15 when RH reached 60-80% 205 

(Fig.3a, Fig.3b). Some aerosol particles likely experience hygroscopic growth under 206 

high RH, depending mainly on size, composition and RH. For example, the theoretical 207 

deliquescence point of NaCl is about 75%, and mixing of organics could decrease the 208 

deliquescence point (Hansson et al., 1998). The field experiment indicates that particles 209 

begin hygroscopic growth around 40% (Pan et al., 2009). After that, the hygroscopic 210 

growth factor increased exponentially. The aerosol composition in Beijing contained a 211 
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large amount of hydrophilic aerosol particles, such as ammonium sulfate and 212 

ammonium nitrate (Sun et al., 2013a). These hydrophilic aerosol particles have a strong 213 

hygroscopic property, and their radii can be doubled, or approximate 8 times increase of 214 

particle volume, under high RH value (Liu et al., 2011), which provides an excellent 215 

substrate for heterogeneous aqueous reactions. The increase of        and        with 216 

RH (Fig.3) suggests that heterogeneous aqueous reactions play important role in the 217 

secondary formation of inorganic aerosols in haze events. High photochemical activity, 218 

represented by a high O3 concentration, would further enhance the conversion ratios 219 

(Fig.3). 220 

 221 

In order to further understand the mechanisms of the formation of NO3 and SO4 in haze 222 

events, especially the relative role of photochemical and heterogeneous aqueous 223 

activities, the relationships of conversion ratios of N and S with O3 were analyzed. 224 

Fig.4 shows that        and        were the lowest when the daily-averaged O3 225 

concentration was 15-20 ppb. Above this range, the ratios increased with O3. For 226 

example,        and        were 0.04 and 0.03 when O3 ranging 15-20 ppb, and 227 

increased to 0.23 and 0.20 when O3 ranging 40-60 ppb. These results reflect the role of 228 

photochemical activity in the formation of NO3 and SO4, indicating that higher 229 

photochemical capacity will enhance the conversion of gas phases of N and S to 230 

particle phases. Another interesting aspect shown in Fig.4 was that the conversion 231 

ratios of N and S also increased with decrease of O3 concentration when the 232 

daily-averaged O3 concentration was lower than 15 ppb. For example, the transfer 233 
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ratios of N and S increased to 0.10 and 0.07 when O3 was lower than 2 ppb. The 234 

opposite changes of O3 and RH (O3 decreased while RH increased) reinforce the notion 235 

that the increased conversion ratios of N and S was caused dominantly by 236 

heterogeneous aqueous reactions.  237 

 238 

The O3 concentration in winter was lower than in autumn (Fig.1c), indicating that 239 

photochemical capacity in winter was lower than in autumn and the relative role of 240 

photochemical and heterogeneous aqueous activities in the secondary formation of 241 

inorganic aerosols might be different between the two seasons. The conversion ratios of 242 

N and S were higher in autumn than in winter under same RH conditions (Fig.3). For 243 

example,        and        increased from 0.03 to 0.20, and 0.03 to 0.15 when RH 244 

increased from <40% to 60-80% in autumn. In this process, the O3 concentration also 245 

increased from 14.6 to 26.4 ppb. While in winter,         and        only increased to 246 

0.14 and 0.11, but the O3 concentration decreased from 9.9 to 2.5 ppb. These results 247 

indicate that the high conversion of S and N in haze events was caused by the combined 248 

effect of photochemical and heterogeneous aqueous activity in autumn. While in winter, 249 

the contribution of the heterogeneous aqueous activity became more important to the 250 

formation of the secondary inorganic aerosols in haze events. 251 

 252 

3.3. Evolution of particle size in haze events 253 

To further understand the role of heterogeneous aqueous reactions in haze events, 254 

evolution of particle size was analyzed. The mean particle diameter (     ) is 255 
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calculated as follow: 256 

                         (3) 257 

where    particles are observed in the i-th bin of SMPS;    is the arithmetic mean 258 

radius of upper and lower limitation of i-th bin. It is interesting to note that       259 

(Fig.5b) shows a cycle similar to that of the mass concentration (Fig.5a). With the 260 

development of haze events, the mean diameter increased from 50 nm to 150-200 nm in 261 

2-4 days. The variation of particle number concentration (Fig.5c) was not as discernible 262 

as that of particles size, indicating that the increased PM2.5 concentration in haze events 263 

was caused primarily by particle growth. As we know, atmospheric particles originate 264 

from two main sources: primary emitted particles and secondary formed particles 265 

arising from new particle formation (NPF) processes. After that, it grows into relevant 266 

size range by condensation of chemical species such as sulfate, nitrate, and organic 267 

compounds that have been partially oxidized in the atmosphere. NPF events usually 268 

occur in clean condition, because high concentration of preexisting particles will 269 

suppress aerosol nucleation and NPF in heavy pollution (Guo et al., 2014). Typically, 270 

new particle formation and growth occur on a daily cycle in most regions worldwide 271 

(Zhang et al., 2012), but few other locations exhibit particle growth as sustained (2-4 d) 272 

and efficient as those displayed during the transition and polluted periods in Beijing 273 

(Guo et al., 2014). In haze events, RH increased gradually (Fig.1d). Under high RH, 274 

water vapor will be absorbed onto particle surface that can serve as good substrate for 275 

heterogeneous aqueous reactions. Hence, the increased particle size in haze event might 276 

attribute to heterogeneous aqueous reactions. We further analyze the relationship 277 
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between mean diameter and RH (Fig.6). The results indicate that particle size didn’t 278 

vary much with RH when RH <40%, but increased significantly with RH when RH > 279 

40% .This result was consistent with the hygroscopic growth of aerosols under different 280 

values of RH and the relationship of conversion ratios of S and N with RH discussed 281 

earlier, and further lends support to the importance of heterogeneous aqueous reactions 282 

in haze events. 283 

 284 

3.4. Contributions of heterogeneous aqueous reactions in haze events  285 

Secondary aerosol species contribute a major fraction of the total PM2.5 in Beijing 286 

(Huang et al., 2014). For secondary aerosols, the variation of conversion rate in process 287 

of gas to particle will affect their mass concentration directly, together with the 288 

concentration of their precursor gases. Based on our measurements, the average period 289 

of a haze event is 4.7 days. The averaged duration in the 4 stages were 2.02 days (V1), 290 

0.90 days (V2), 1.03 days (V3), and 0.76 days (V4). In the beginning period of haze 291 

events, the concentration of SO4 increased from 1.44 μg m
-3

 (V1) to 4.67μg m
-3

 (V2), 292 

with increase rate of 1.60 μg m
-3

 d
-1

. While in the late period of haze events (V4), the 293 

concentration of SO4 increased to 23.44 μg m
-3

 (V4), with increase rate of 10.49 μg m
-3

 294 

d
-1

. The increase rate of SO4 was significantly accelerated in the late stage (V4) of haze 295 

events. While for SO2, its concentration reached 23.5 ppb in the V2 stage, with increase 296 

rate of 8.05 ppb d
-1

, and increased to 40.5 ppb in the V4 stage, with increase rate of 9.50 297 

ppb d
-1

. The variation of NOx and NO3 also show similar trends. As the analysis in 298 

section 3.2 and 3.3, the involement of heterogeneous aqueous reactions might be the 299 



 15 / 27 
 

dominant factor that accelerated the formation of SO4 and NO3 in the late haze events. 300 

Supposing the increase rate of SO4 in the late period were the same as the beginning 301 

period, the SO4 concentration might only reach to 7.53 μg m
-3

 in the V4 stage, much 302 

lower than the actual value (23.44 μg m
-3

). Therefore, the participation of 303 

heterogeneous aqueous reactions changed the variation of aerosols and their precursors 304 

in haze events. In the beginning period of haze events, the precursor gases accumulate 305 

quickly due to high emission and low reaction rate. The involvement of heterogeneous 306 

aqueous reactions, together with the accumulated high precursor gases, e.g. SO2 and 307 

NOx, accelerated the formation of secondary inorganic aerosols, and led to the rapid 308 

increase of PM2.5 concentration in the late haze period. 309 

 310 

4. Summary 311 

The effect of heterogeneous aqueous reactions on the secondary formation of inorganic 312 

aerosols in haze events are investigated by analyzing the comprehensive measurements 313 

collected during a field compaign in Beijing. The major results are summarized below: 314 

(1) The conversion of gas phase of S and N to particle phase was accelerated in late 315 

haze events. For example, the conversion ratios,        and       , increased from 316 

0.06 to 0.18, and 0.04 to 0.13 from the beginning to the late periods of haze events. 317 

Analysis shows that        or        with RH increased with increasing RH when 318 

RH was higher than 40%. When RH < 40%,        or        showed no significant 319 

variation with RH. The threshold RH of ~ 40% suggests that particles began 320 

hygroscopic growth after that. Under high RH value (80%), the radius of aerosol 321 
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particles could be doubled by coating with the water vapor on the particle surface, 322 

which provides an excellent carrier for heterogeneous aqueous reactions. This point 323 

was further reinforced by the relationships of        and        with O3 324 

concentration.        and       were lowest when the daily-averaged O3 ranges 325 

between 15 and 20 ppb. Above this O3 range,        and        increased with the 326 

increase of O3 concentration whereas        and        increased with the 327 

decrease of O3 concentration below this O3 range. The results suggest that the 328 

conversion of gas phase of S and N to particle phase might be affected by two 329 

different mechanisms. Besides photochemical reactions, heterogeneous aqueous 330 

reactions might also play important role in the secondary formation of inorganic 331 

aerosols. The photochemical capacity usually decrease in the late period of haze 332 

events due to the decreased solar radiation caused by increased aerosols, so the 333 

increased conversion ratios of S and N in late haze might be caused by 334 

heterogeneous aqueous reactions since RH increased evidently in this period. 335 

(2) In haze events, the mean diameter of particles exhibited a cycle similar to that of the 336 

PM2.5 mass concentration. With the development of haze events, the mean diameter 337 

increased from 50 nm to 150-200 nm in 2-4 days. The variation of particle number 338 

concentration was not as discernible as that of particles size, indicating that the 339 

increased PM mass concentration in haze events was dominated by the enhanced 340 

particle size (growth). The relationship of mean diameter of particles with RH 341 

indicated that the mean diameter increased with the increase of RH when RH was 342 

higher than 40%, while when RH is lower than 40%, particle size did not vary much 343 
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with RH. The result was consistent with the relationship of        and        to RH 344 

and with the hygroscopic growth of aerosols under different values of RH, and 345 

further reinforced the important contribution of heterogeneous aqueous reactions in 346 

haze events. 347 

(3) The participation of heterogeneous aqueous reactions changed the variation of 348 

aerosols and their precursors in haze events. In the beginning period of haze events, 349 

the precursor gases accumulated quickly due to high emission and low reaction rate. 350 

Heterogeneous aqueous reactions, together with the accumulated high precursor 351 

gases ( e.g. SO2 and NOx) accelerated the formation of secondary inorganic 352 

aerosols, resulting in rapid increase of the PM2.5 concentration in the late haze 353 

period. 354 

It is noteworthy that besides the conversion of SO2/NOx by photochemical reactions or 355 

heterogeneous aqueous reactions, sulfate/nitrate might also derive from the 356 

transportation from the layer above where photochemical reactivity was stronger as a 357 

result of light reflection by concentrated particles below it. This process may impact 358 

estimation of the role of heterogeneous aqueous reactions, and deserves in-depth study 359 

in the future. 360 

  361 
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 501 

Table 1 Media values of measured visibility, particles, meteorological parameters, 502 

chemical concentrations, and S, N ratios under different visibility ranges (V1, V2, V3, 503 

and V4). 504 

Variables V1 V2 V3 V4 

Visibility (km) 17.7 7.2 3.4 1.3 

RH (%) 34.1 45.2 54.2 70.9 

PM2.5 (μg m
-3

) 21.7 54.0 93.2 175.1 

PM1 (μg m
-3

) 8.8 32.6 57.6 97.4 

NOx (ppb) 11.5 28.6 36.7 43.1 

SO2 (ppb) 9.1 23.5 32.9 40.6 

CO (ppm) 0.6 1.6 2.4 3.7 

O3 (ppb) 19.9 14.3 15.0 4.0 

N_ratio 0.06 0.10 0.15 0.18 

S_ratio 0.04 0.07 0.09 0.13 

 505 

 506 
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 508 

 509 

 510 

Fig.1 Time series of visibility (a), PM2.5 (b), O3 (c), RH (d), NOx (Dark yellow, ppb) 511 

and NO3 (Navy, μg m
-3

) (e), SO2 (Magenta, ppb) and SO4 (Dark cyan, μg m
-3

) (f), and N 512 

(Purple) & S (Olive) conversion ratio (g), with time resolution of 1 hour. 513 

 514 
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 515 

Fig.2 Aerosol composition measured by AMS under different visibility conditions. The 516 

4 conditions are classified as: visibility > 10 km (V1), 10 km ≥ visibility > 5 km (V2), 517 

5 km ≥ visibility > 2 km (V3), and 2 km ≥ visibility (V4) 518 

  519 
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 520 

 521 

Fig.3 Relationship between N_ratio, S_ratio and RH in fall (a, b) and winter (c, d), with 522 

time resolution of 1 day. The dot line is averaged value, with standard deviation, under 523 

RH of <40%, 40-60%, 60-80%. 524 

 525 
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 527 

 528 

Fig.4 Relationship between N_ratio (a), S_ratio (b) and O3, with time resolution of 1 529 

day. The dot line is averaged value, with standard deviation, under O3 of <2, 2-5, 5-10, 530 

10-15, 15-20, 20-30, 30-40, 40-60 ppb. 531 

  532 
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 533 

 534 

 535 

Fig.5 Time series of PM2.5 mass concentration(a), mean diameter (       b) and 536 

number concentration (Nc, c) of submicron aerosols (13-736 nm) measured by SMPS, 537 

with time resolution of 1 hour. 538 

 539 
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 540 

Fig.6 Relationship between mean diameter of submicron aerosols and RH, with time 541 

resolution of 1 day. 542 




